The "no reaction" lateral flow assay (nrLFA) uses a simplified LFA structure with no conjugate pad and no stored reagents. In the nrLFA, the capillary-based transport time or distance is the key indicator, rather than the outcome of a biochemical reaction. Hence, the calibration and reproducibility of the nrLFA device are critical. The capillary flow properties of several membrane types (nitrocellulose, nylon, cellulose acetate, polyethersulfone, and polyvinylidene difluoride) are evaluated. Flow rate evaluations of MilliporeSigma Hi-Flow TM Plus (HF075, HF135 and HF180) nitrocellulose membranes on nrLFA are performed using bodily fluids (whole blood, blood plasma, and artificial sweat). The results demonstrate that fluids with lower viscosity travel faster, and membranes with slower flow rate exhibit higher capability to distinguish fluids with different viscosities. Reproducibility tests of nrLFA are performed on HF075, demonstrating excellent reproducibility. The coefficient of variation for blood coagulation tests performed with the nrLFA using induced coagulation was 5% for the plasma front and 2% for the RBC front. The effects of variation in blood hematocrit and sample volume are also reported. The overall results indicate that the nrLFA approach has a high potential to be commercially developed as a blood monitoring point-of-care device with simple calibration capability and excellent reproducibility. Published by AIP Publishing.
I. INTRODUCTION
Lateral flow (immuno)assay (LFA) technology is used to fabricate simple, portable, and low-cost detection devices for applications in biomedicine, agriculture, food and environmental sciences, such as tumor biomarkers, 1 microorganisms, 2 toxins, 3 heavy metals, 4 and pesticides. 5 Lateral flow takes place in porous membranes through which fluid samples are transported via the capillary effect. The structure (pore size, tortuosity, etc.) and composition (material substrate, density, surface additives, etc.) can be selected to enable flow of components ranging from ions (a few nanometers) and small molecules (tens of nanometers), to proteins to cells (several micrometers). Conventional cellulose-based paper is attractive for many assays because of its low cost and ease of disposal. However, proteins do not adsorb well on cellulose and cellulose acetate (CA), limiting their scope in immunoassays which require protein immobilization. 6 Nitrocellulose (NC) is a modified form of cellulose produced by treating cellulose with nitric acid resulting in the replacement of the hydroxyl group with nitrate groups. NC is hydrophobic and membranes made from pure NC do not wet aqueous solutions. To enable wetting, surfactants are incorporated during the membrane fabrication process. 7 NC-based membranes are employed in LFAs because of their high binding ability to proteins and other important biomolecules. The seminal work 9, 10 of the Whitesides group in fabricating paper-based microfluidic devices that typically involve non-immunological reactions for colorimetric detection has defined an even simpler approach for easy, rapid, and low-cost diagnostic tests. This has resulted in the development of microfluidic paper-based analytical devices (lPADs), which typically consist of laminated paper strips. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] These devices use lateral (and occasionally vertical) flow in paper to screen for various medical conditions relevant to human and animal health, environmental monitoring, and food safety. The low cost of paper and other materials utilized in lPAD fabrication encourages broader application and more frequent usage, and their disposable nature minimizes the risk of cross contamination between tests. Recently, paper-based devices have also been reported for various electronic applications [21] [22] [23] [24] [25] including chemical and biological sensors and biofuel cells. Numerous sensing and fabrication methods [26] [27] [28] [29] [30] [31] [32] and network geometry [33] [34] [35] [36] [37] [38] of paper devices have been developed, giving paper-based microfluidic devices great potential for applications in semi-quantitative multi-step assays.
We have pursued a simplified LFA version that does not involve biochemical reactions, which we have named no reaction lateral flow assay (nrLFA). The nrLFA uses capillary flow properties of the fluid to be analyzed to determine its rheological properties. This represents a significant advantage but requires that (1) the fluid is colored to enable visual detection and (2) that its rheological properties are significantly changed by a medical condition. We have previously reported the use of nrLFA for point-of-care (POC) blood coagulation monitoring. 39 Most frequently, health status assessment of an individual requires blood analysis. Comprehensive blood tests that involve collection of a blood sample and subsequent analysis for desired health parameters are typically performed in a hospital or laboratory setting. Many tests require 2-5 ml of blood, which is obtained with venous puncture. In recent years, there has been a continuing effort to develop POC tests to measure a variety of biochemical blood parameters, such as glucose, hemoglobin, lactate, and ions. 40 These POC blood tests can effectively be completed using a much smaller capillary blood volume ($1-25 ll (Ref. 40)) obtained by a finger prick with a lancet and utilize optical or electrochemical methods 41 for detection. The price of commercial POC blood analyzers ranges from $1 to $125 per test (depending on whether it uses a simple strip, a cuvette, or a cartridge) and $230 to $5,500 for the typical reader unit (more information can be found in Table SI in the supplementary material) .
A comparison of the attributes of the nrLFA device and commercial POC blood analyzer is shown in Fig. 1 . For whole blood (WB) assays, the nrLFA exhibits key features, such as a simple device structure (simplified LFA structure rather than a complicated electronic device), simple fabrication process, low cost (affordable POC test without the need for an expensive analyzer unit), easy operation, and long shelf life due to no pre-stored reagents in the device. These attributes together with potential future smartphone diagnosis apps make nrLFA an ideal device in resource-limited settings without the need for expensive instruments and for patient self-testing at home without a trip to physician's office. However, nrLFA also poses some challenges that need to be investigated, such as the effect of secondary properties (pH, polarity, etc.) of the fluid being measured and critical dependence on the reproducible flow rate and material properties.
The "signal" in the nrLFA device is related to the distance traveled by the fluid (or any of its components) in a given time, or conversely the time required for the fluid to reach a certain point in the strip. Therefore, the calibration and reproducibility of fluid flow in the device are critical for reliable operation. Chromatography paper has already been proven to exhibit precise capillary flow and can potentially be used as a viscometer. 42 Generally, in commercial NC membranes, there are flow rate variations between rolls within a cast lot and between cast lots, due to inherent variation in the casting process. This indicates the importance of flow rate calibration when first receiving the set of membrane materials in order to ensure that the flow properties of the membranes are fully characterized and calibrated before utilizing them for tests.
In this article, the reproducibility of the nrLFA device when using various membranes with several sample fluids, including anti-coagulated whole blood and blood plasma, is reported. In order to isolate the effect of membrane reproducibility, we have used laboratory-grade blood samples from the same vendor. In the future, we will investigate the effects of blood sample variability (from both healthy subjects and patients) on the nrLFA performance.
Whole blood is an essential body fluid that gives significant insight of an individual's health conditions. Blood makes up $7% of an individual's total body weight and contains approximately 45% (v/v) of cellular components, including erythrocytes (red blood cells-RBCs), leukocytes (white blood cells-WBCs) and thrombocytes (platelets). More than 99% of the cells in blood are RBCs. 43 The remaining 55% (v/v) of whole blood consists of a protein-rich plasma, with 92% (w/w) water and 7% dissolved proteins (such as albumin, globulins, and fibrinogen). The remaining 1% consists of dissolved organic molecules (e.g., amino acids, glucose, and lipids), dissolved gases such as O 2 and CO 2 , ions (e.g., Na þ , K þ , Cl À , and Ca 2þ ), as well as trace elements and vitamins. 44 Abnormality in whole blood viscosity can be an early indicator of cardio-or cerebro-vascular diseases, diabetes mellitus, and liver diseases. 45 Furthermore, low RBC count in patients undergoing chemotherapy can indicate chemotherapy-induced anemia. Unlike the conventional test method where RBCs are removed and only plasma is utilized for diagnostics, [46] [47] [48] [49] whole blood can be directly applied onto our nrLFA device since we utilize the transport of RBCs as a color indicator of rheological properties of whole blood, which are related to the individual's blood coagulation condition.
The rheology of blood flow in the body is very complex. Blood can be considered a twophase suspension 50 of formed elements (cells and platelets) suspended in an aqueous solution (plasma). This suspension behaves as a non-Newtonian fluid, meaning that its viscosity decreases with increasing shear stress. The RBCs, which are the main cellular component, behave as viscoelastic bodies since they readily deform and reform and also aggregate. Furthermore, the flow is affected by the size of the circulation vessel, ranging from >10 mm for larger veins and arteries down to as small as $5 lm in capillaries. Whole blood viscosity is also strongly influenced by the volume fraction of RBCs (the hematocrit), body temperature, and the plasma protein composition. 51, 52 Human blood outside the vascular system (ex-vivo) clots within 2-6 min after an injury, resulting from a complicated process called the coagulation cascade that takes place in the plasma. The process is highly regulated by coagulation factors such as fibrinogen and critically depends on free Ca 2þ ions. 53, 54 During the coagulation process as a blood clot is formed, blood changes its properties from a viscoelastic fluid to a viscoelastic solid. The transition point between the two states is known as the gel point (GP). The time to arrive at the gel point (TGP) is a function of the shear stress, increasing with decreasing shear stress. Extrapolating from published values 55 for TGP vs. shear stress for the flow rate conditions under capillary flow in nrLFA gives TGP values of 6 min or more. By comparison, the longest measurement time associated with the experiments presented here are 4-5 min, ensuring that no premature clot formation occurs. This article focuses on the calibration and reproducibility of the flow of blood and other bodily fluids in nitrocellulose membranes that are the key component used in nrLFA, as well as a promising application of a simple POC blood coagulation self-monitoring device for patients with cardiovascular diseases who are undergoing anti-coagulation therapy. In addition to full blood testing at a doctor's office, clinic, or lab every few weeks, frequent self-testing for these patients is very important because it can significantly reduce the risk of stroke (by $55%), major hemorrhage ($35%), and even death ($39%). 56 
II. MATERIALS AND METHODS

A. Materials and chemicals
Membranes of several types of materials known to have well-behaved capillary properties were investigated (as shown in Table I ): nitrocellulose (NC), nylon, cellulose acetate (CA), polyethersulfone (PES), and polyvinylidene difluoride (PVDF). NC membranes are widely utilized in commercial LFA applications. Although hydrophobic by nature, NC membranes are converted to exhibit hydrophilic surface properties using a surfactant, which allows the flow of aqueous sample solutions. NC membranes have a sufficiently high protein binding capability enabling effective immobilization of adequate amounts of primary and secondary antibodies in order to form test and control lines. However, balanced binding properties allow conjugated antibodies and antigens to pass through the membrane matrix after blocking 7 and be captured by those lines. NC is directly cast on polyester backing, which significantly improves the handling properties of the NC membrane without interfering with its function. 6 These features make NC membranes the most commonly utilized material for LFA. Nylon, CA, and PES membranes are widely utilized in micro-or nano-filtration and have various distinctive properties. 57 Nylon membranes are hydrophilic, highly solvent-resistant, and super-strong materials due to their regular and symmetrical molecular structure. They also have the highest protein binding capability among all four membrane materials. CA membranes are hydrophilic, low in 58 Hydrophilic PVDF is chemical-and temperature-resistant and has low protein binding capability and moderate capillary flow rate, while hydrophobic PVDF has high protein binding capability and minimal capillary flow. 57 In general, filtration membranes have smaller pore sizes ($0.1-5 lm) than lateral flow membranes ($7-15 lm) due to their intended applications. The smaller pore size is suitable for protein transport but limits the transport of RBCs (6-8 lm in diameter, but pliable). CA, PES, and PVDF membranes of 5 lm pore size and nylon membranes of 5 lm and 10 lm pore sizes were selected for property characterization to determine their potential use in whole blood assays. All selected membranes were hydrophilic.
Citrated rabbit whole blood was purchased from HemoStat Laboratories (Dixon, CA). According to the supplier, the volume ratio of rabbit whole blood to citrate solution [4% w/v trisodium citrate (MilliporeSigma) in water] is 4 to 1. This corresponds to a significant amount of sodium citrate beyond what is needed for Ca 2þ ion immobilization. 53 Chemicals such as calcium chloride (CaCl 2 ), sodium chloride (NaCl), ammonium hydroxide (NH 4 OH), glycerin, acetic acid, and lactic acid were purchased from Fisher Scientific (Pittsburgh, PA). Artificial sweat was prepared according to the standard ISO 3160-2, 59 which consists of 20 g/l NaCl, 17.5 g/l NH 4 OH, 5 g/l acetic acid, and 15 g/l lactic acid in deionized (DI) water. holder with a cut-out window that allows monitoring of flow within the strip. The nrLFA test strip includes a fiber glass sample pad (Ahlstrom, Helsinki, Finland), a NC lateral flow membrane (MilliporeSigma, Billerica, MA), a cellulose wicking pad (Whatman, Little Chalfont, United Kingdom), and a plastic backing card (Diagnostic Consulting Network, Carlsbad, CA). Unlike LFA, no conjugate pad is used for nrLFA. The overall strip dimension is 4 mm Â 53 mm, and the lengths of the components are 13 mm for the sample pad, 30 mm for the analytical membrane, and 20 mm for the wicking pad. The overlaps of the analytical membrane with the sample pad and with the wicking pad are 6 and 4 mm, respectively. Long sheets of the three components are stacked and assembled on the plastic backing card and then cut into strips of 4 mm width using a CM4000 guillotine cutter (BioDot, Irvine, CA). The completed nrLFA strip is then placed inside a plastic cassette (Diagnostic Consulting Network, Carlsbad, CA), which consists of two plastic pieces that snap together. The cassette has a sample dispense opening and an observation window, with a length of 16.5 mm. The observation window was sealed using transparent tape to prevent the evaporation of sample fluid during testing. No reagent printing or membrane drying process is involved during the fabrication process.
During nrLFA tests, a camera and a timer were utilized to visually document the fluid travel distance with the fixed time interval (2 s). The starting point (distance D ¼ 0) was selected when the fluid just appeared in the observation window and the ending point (D ¼ 16 mm) was selected when the fluid front (furthest point of the rounded fluid front) reached 16 mm from the starting point. During the tests, after the sample fluid was dispensed on the nrLFA device, either the time needed to travel a certain distance or the distance traveled after a certain period of time was measured. Multiple tests were performed (n ¼ 10) to evaluate the reproducibility of nrLFA. The number of pixels associated with each fluid travel distance was obtained and then converted into the actual distance using Image J. 60 The mean and standard deviation of the travel distance were calculated using Excel. This method applies to all the tests mentioned in Sections III B-III E below.
Figs. 2(c)-2(e) show photos of nrLFA devices utilized for the evaluation of various bodily fluid samples. In all cases, fluid fronts are easily observable with the naked eye. For the solution-based samples-dye solution, artificial sweat, and centrifuged plasma (Figs.  2(b)-2(d) )-the travel distance was roughly the same, indicating that the fluid flow is determined by the capillary property of water in the membrane. For the whole blood ("suspension") case, Fig. 2(e) clearly shows the separation between the RBC front (red front) and the plasma front (light beige front), due to the filtration property of the nitrocellulose membrane. The plasma front traveled approximately twice the distance of the RBC front at t ¼ 80 s. The flow rate of the plasma component in whole blood is, however, much slower than that of the centrifuged plasma (discussed in Session III C).
C. Preparation of adjusted blood samples
Citrated whole blood (rabbit) with hematocrit (Hct) values of 25%, 30%, 35%, and 40% were obtained by extracting freshly separated plasma from low Hct blood (19%-25% for various batches from the supplier) after light centrifugation (Thermo Fisher Scientific accuSpin Micro 17, Osterode am Harz, Germany) at 400 Â g for 6 min, and then re-suspended by gentle agitation. Centrifuged plasma samples were obtained by centrifugation of citrated whole blood at 600 Â g for 10 min.
In nrLFA experiments with induced coagulation, samples comprised of 160 ll of citrated rabbit blood, 5 ll of 0.9% NaCl, and 15 ll of 300 mM CaCl 2 . For a control sample, the CaCl 2 solution was substituted with 15 ll of 0.9% NaCl to maintain a consistent Hct in all samples. All solutions were maintained at 39 C. After combining all components, the experimental mixture was pre-incubated for 2 min at 39 C to allow initiation of the blood coagulation process before dispensing a volume of 30 ll into the nrLFA inlet port.
D. Viscosity measurement
Viscosity of each sample was measured (n ¼ 3) using a falling-ball viscometer (Gilmont Instruments Viscometer 08701-00, Barrington, IL) at room temperature (19) (20) C). The average value was calculated and utilized in Section III C.
III. RESULTS AND DISCUSSION
A. Membrane characterization Table II shows basic properties of the various membranes that were investigated. The membrane thickness and basis weight are measured and calculated without including polyester backing material. The membrane porosity expressed as % of empty space in the overall membrane matrix was measured using the water-saturation method: porosity ¼ [(weight of saturated sample) À (weight of dry sample)]/(density of water)/(volume of sample matrix) Â 100%. The values included in Table II reflect the ratio of the absorbed water volume (absorbed water mass/water density) to the membrane matrix volume (membrane area Â membrane thickness). The capillary rise time (mean 6 standard deviation) of each membrane was measured for a distance of 4 cm using a standard capillary flow test stand 61 (more information can be found in Fig. S1 in the supplementary material) . The capillary flow rate was calculated from the mean capillary rise time values. All measurements were performed in triplicate (n ¼ 3).
As shown in Table II , MilliporeSigma (Billerica, MA) High-Flow TM Plus membranes (HF075, HF135, and HF180) have similar materials properties such as thickness, basis weight, and porosity. The difference in capillary rise time and equivalent flow rate is due to the differences in pore size (with larger but fewer pores for faster membranes vs. slower membranes with smaller but more pores), which are achieved mainly by changing fabrication conditions 61 (e.g., selection of solvents and non-solvents or precipitation rate of nitrocellulose lacquer) (more information can be found in Fig. S2 in the supplementary material) . HF075 has the fastest capillary rise time and highest capillary flow rate, followed by HF135 with moderate capillary rise time and capillary flow rate, and HF180 which has the longest capillary rise time and lowest capillary flow rate. Sartorius (G€ ottingen, Germany) membranes CN95 and CN140 have slightly different membrane thicknesses and basis weights (less than 20% difference) and significantly different capillary rise times and capillary flow rates (more than 50% difference).
Despite reported concerns of inconsistency in flow characteristics, 7 the NC membranes tested in this study from two different manufacturers all exhibited narrow capillary rise time distribution. However, occasionally an offset in capillary rise time was observed among some NC membranes compared to manufacturers' specification. For example, for HF180 the capillary rise time is specified as 180 6 45 s/4 cm, in other words ranging from 135 to 225 s. Interestingly, our corresponding measurements ranged from 150 to 158 s or 154 6 4 s/4 cm, which is within the overall specification but with a much tighter distribution. Nylon, CA, PES, and PVDF membranes from Sterlitech (Kent, WA) are non-backed membranes intended for smaller molecule assays, filtration, and purification purposes. Nylon and CA have a much wider range of capillary rise time and much slower capillary flow rate than NC membranes that are intended for lateral flow tests. Interestingly, PES exhibits one of the tightest ranges of capillary rise time and fastest capillary flow rate with an aqueous sample solution among all the membranes listed in Table II . Several types of membranes were evaluated using whole blood: NC, nylon, CA, PES, and PVDF. As shown in Fig. S3 in the supplementary material, the NC membranes provide optimum performance: uniform flow, wide range of flow rates based on different pore sizes, and clear separation of RBCs and plasma. The flow of whole blood in several membranes (nylon, CA, PES, and PVDF) has been found to be unsatisfactory for our application (also shown in Fig. S3, supplementary material) , and therefore it is not investigated further.
B. Flow comparison of various membranes
Flow properties of widely used analytical membranes were tested on the nrLFA device. MilliporeSigma nitrocellulose membranes were tested using 30 ll DI water or centrifuged plasma (n ¼ 10). The membranes produced the following capillary rise times for a 4 cm travel: HF075 À 77 6 2 s, HF135 À 146 6 3 s, and HF180 À 154 6 4 s (Table II) . Fig. 3 shows the flow properties of MilliporeSigma HF075, HF135, and HF180 membranes in nrLFA devices. As expected, the flow rates of DI water and centrifuged plasma (abbreviated as W and P in Fig. 3 ) are slowest on HF180, moderate on HF135, and fastest on HF075. The difference between DI water and plasma travel distance becomes larger when the membrane has a slower flow rate, and vice versa. For travel of 12 mm on the nrLFA device, the time difference between plasma and DI water is $5 s on HF075 and $13 s on HF135 and HF180. The results demonstrate that membranes with a slower flow rate can distinguish the difference in fluid viscosity more effectively than membranes with a faster flow rate. However, in ultimate use as a blood coagulation monitoring device, the shorter test time enabled by the faster flow rate of HF075 is probably a deciding consideration. FIG. 3 . Flow property comparison of various membranes using DI water and centrifuged plasma.
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Experiments were conducted to test the reproducibility of the nrLFA device using several bodily fluids: citrated whole blood (WB), centrifuged plasma, and artificial sweat. In addition, two fluids were used for calibration and comparison: DI water and 50% v/v glycerin in water solution (GW50), which has a viscosity ($7.6 cP) similar to that of whole blood measured 51, 62 at low shear rate ex-vivo ($23 C). Standard sample volumes of 30 ll and 100 ll were selected, which are consistent with volume limits of commercial capillary blood collection tubes. Reproducibility tests with each sample fluid were performed (n ¼ 10) to evaluate device reproducibility. For citrated whole blood samples, the Hct was measured to be 25%. Table III shows the time (mean 6 standard deviation) for various fluid fronts to travel 16 mm on the nrLFA device and the coefficient of variation (CV -standard deviation divided by mean Â 100%). Washburn's equation 63 describing capillary rise of a liquid in a tube indicates the well-known square law relationship between travel distance (L) and flow time (t)
where D t is the tube diameter, h is the contact angle between the fluid and the membrane, and c and l are the fluid surface tension and viscosity. Capillary flow in a dry porous medium (socalled wet-out flow), such as the NC membrane in nrLFA, can be modeled by the equivalent Darcy's law 64 using an average pore diameter D p combined with the tortuosity c of the medium
As expected, the dynamic fluid flow rate (dL/dt) is proportional to the pore diameter. The flow rate is also inversely proportional to its viscosity -fluid with higher viscosity travels slower, and vice versa. The water contact angle (WCA) on the various membranes was investigated. The WCA was found to be difficult to measure accurately because of the rapid spread of the fluid on the membrane surface. The WCA immediately after droplet dispense is shown in the supplementary material (Fig. S4) . Interestingly, the contact angles showed a bell-shaped distribution versus the capillary rise time. In most cases, the same membrane material (e.g., nylon and NC) but with different rise times showed similar contact angle values. This is probably because membranes made from the same material have both the same intrinsic surface properties and a similar microscopic structure. Although the nitrocellulose polymer itself is hydrophobic, NC membranes (HF and CN series) show low contact angle and short capillary rise time due to the addition of surfactants. As shown in Table III, exhibited different effective viscosities when it was traveling as a component in whole blood, and by itself as (centrifuged) plasma. Not unexpectedly, the flow rate of plasma as a component in whole blood is much slower than that of plasma-only because highly packed cellular components (such as RBCs and WBCs) on the nrLFA strip increase the flow resistance of plasma through the strip. The same situation is likely to occur during the flow of other complex biological fluids where the flow rate of the aqueous component will be reduced by the flow resistance from slower moving cellular components. Consistent with this hypothesis, the RBC front had the longest travel time due to the high effective viscosity of packed RBCs. The coefficient of variation (CV) is a standardized measure of dispersion of a probability distribution and is widely utilized for quality control purpose to determine the precision of in vitro diagnostic devices (IVDs), indicating the agreement between independent diagnostic test results obtained under stipulated conditions. For example, the FDA has used a precision criterion of CV < 10% for an IVD used in the measurement of C-reactive protein assay. 65 It is instructive to compare the reproducibility of the results with the nrLFA device when using various bodily fluids to the specifications given by the membrane manufacturers, which is typically a variation in capillary rise time of the order of 625%. As shown in Table III , all fluid flows exhibit small CVs ranging from 3% to 5%, with little influence of using 30 ll and 100 ll sample volumes. Since the images of fluid flow were captured once every 2 s (30 frames per minute) by the camera and the time to travel 16 mm was manually calculated using two adjacent data points, travel time variations of fluids with low viscosity are very close to the detection limit. The variation values can be further reduced if a detection method with higher time resolution is utilized, such as video recording. The results demonstrate that with all nrLFA strip components attached and the strip assembled into the cassette, the overall nrLFA device exhibits excellent reproducibility of fluid flow, exceeding membrane manufacturers' specification. Since we have shown that there is good correlation between accuracy of water flow time and RBC front flow time, the proper performance of the nrLFA device can be easily tested using water as the sample, confirming the capillary flow time. Given the high level of reproducibility of membrane properties, a single calibration per batch of strips is likely to be sufficient to validate the test results. Fig. 4 shows the travel distance over time for 30 and 100 ll sample volumes. As can be seen, both sample volumes exhibit very similar standard deviations for water, centrifuged plasma, and plasma in whole blood. Artificial sweat exhibits a slightly smaller standard deviation for the 30 ll case, while GW50 solution exhibits a slightly smaller standard deviation for the 100 ll case. Interestingly, the travel of RBCs in whole blood exhibits the smallest standard deviation for both volumes. Overall, both 30 and 100 ll sample volumes give comparable standard deviations when using various fluids, and both volumes are appropriate to be used on the nrLFA device. When using 30 ll sample only GW50 solution had a CV exceeding 10%, and in the case of 100 ll samples only plasma in whole blood had a CV > 10%, both at the beginning of the test (t < 30 s). At t ! 60 s, CV < 7% with 30 ll sample and <4% with 100 ll sample were achieved. Most importantly, at t ¼ 80 s, RBC flow in whole blood had a CV of 1% for the 30 ll sample and 2% for the 100 ll sample. For comparison, the commercial blood coagulation analyzer CoaguCheck XS from Roche Diagnostics is reported to have CV of 2% when using venous blood and 3.4% when using capillary blood, 66 which is slightly higher than the 1.0%-2.0% CV obtained for RBC flow on the nrLFA. This result demonstrates that the nrLFA device exhibits excellent reproducibility and thus has solid promise for future commercialization.
D. Study of hematocrit and volume effect
The effects of hematocrit and sample volume on fluid travel distance on the nrLFA device were also investigated. In the hematocrit study, citrated whole blood samples adjusted to three different Hct values were utilized. During the tests, 30 ll blood samples were dispensed on the nrLFA devices and the travel distances of both RBC and plasma fronts were measured. To study the effect of the sample volume on the travel distance, DI water samples ranging from 10 to 100 ll were examined (n ¼ 10) on the nrLFA device using HF075. Fig. 6 (a) shows fluid travel distance vs. time for Hct values of 25%, 30%, 35%, and 40%. As can be seen, for both RBC and plasma fronts the travel distance decreases monotonically with increasing Hct, indicating a reduction in flow rate. Fig. 6(b) shows fluid travel distance vs. Hct values for travel times of 80 s and 160 s. At t ¼ 80 s, plasma in citrated whole blood traveled $14 mm for 25% Hct, $13 mm for 30% Hct, $11 mm for 35% Hct, and $8.5 mm for 40% Hct, which was approximately twice the distance that RBCs traveled at that moment. At t ¼ 160 s, RBCs in citrated whole blood traveled $12 mm for 25% Hct, $11 mm for 30% Hct, $9.5 mm for 35% Hct, and $8 mm for 40% Hct. Standard deviations of all eight fronts are quite consistent compared to Fig. 4 . The result demonstrates that increasing hematocrit elevates the effective viscosity of both plasma and cellular components in citrated whole blood, and thus both components travel a shorter distance for a given time on the nrLFA device. Fig. 7 shows the fluid travel distance over time using several volumes of DI water: 10, 15, 20, 30, and 100 ll. As shown in Fig. 7(a) , all volumes of DI water reach the end of observation window (D ¼ 16.5 mm) except the 10 ll case. Comparing at a fixed time of t ¼ 16 s, the fluid travel distance increases significantly as the sample volume increases from 10 ll to 20 ll, moderately from 20 ll to 30 ll, and only slightly from 30 ll to 100 ll, as can be seen in Fig. 7(b) . This effect is probably due to the increasing sample volume fully saturating sample pad that results in efficient fluid transfer to the analytical membrane. Another possible factor could be the larger input pressure on the sample pad due to gravity thus increasing the pressure gradient between inlet and outlet and leading to faster fluid flow on the analytical membrane. However, as the sample volume increases beyond $30 ll, the ability of the membrane to transport the fluid becomes the limiting factor. Since the increase in sample volume in the 10 to 20 ll range has a significant effect on travel distance, the minimum sample volume for reproducible results with the current nrLFA device is $20 ll to ensure that slight variation in sample volume during clinical applications does not result in significant differences in tests results.
E. Reproducibility of coagulation tests
Since one of the potential clinical applications of the nrLFA device is blood coagulation monitoring for patients on anti-coagulation therapy, it is critical to evaluate device reproducibility when the coagulation process is introduced on the device. During this aspect of the study, HF075 was utilized as the analytical membrane, and coagulation-activated citrated blood was utilized to mimic real blood sample from patients (n ¼ 10). Citrated blood does not coagulate because of the absence of free Ca 2þ ions. By adding CaCl 2 solution into citrated blood, the resulting free Ca 2þ ions reactivate the coagulation process. An anti-coagulated control test was also conducted (n ¼ 10) in which the same volume of 0.9% NaCl solution was added to citrated blood replacing the CaCl 2 solution. The Hct of citrated whole blood was measured to be 25% in both tests. Fig. 8 shows RBC and plasma travel distance over time with and without addition of 300 mM CaCl 2 . The presence of Ca 2þ ions in the blood sample, which leads to the activation of blood coagulation, caused only a slight decrease in the plasma travel distance. In contrast, a significant decrease in RBC travel distance was observed when the coagulation process was activated. The probable reason is that the plasma front travels fast enough compared to the rate of coagulation such that it reaches the end of observation window before enough fibrin clots can be formed to slow down its flow rate. Since the RBCs travel much slower, the gradual formation of fibrin clots can reduce their flow rate significantly. At t ¼ 180 s, RBCs travel $11 mm with CaCl 2 solution compared to $15 mm without CaCl 2 solution.
It is interesting to compare the effect of CaCl 2 addition on blood flow (Fig. 8 ) with the effect of Hct (Fig. 6) , since in practice it is important to be able to distinguish between these two effects in order to properly interpret the test results. Since the effect of Ca 2þ ions on plasma flow is very minor (under the specific geometry of the current test strip and cassette), changes observed in plasma flow can be attributed to variations in Hct. This information can then be used to calibrate changes observed in RBC flow conditions (which are sensitive to both effects) in order to extract the coagulation conditions. Finally, regarding flow reproducibility with the addition of 300 mM CaCl 2 , the CV of the plasma front at t ¼ 60 s is 5% and the CV of the RBC front at t ¼ 240 s is 2%. Clearly, the nrLFA device exhibits excellent reproducibility when the coagulation process is activated on the test strip.
IV. SUMMARY AND CONCLUSIONS
In summary, reproducibility of nrLFA devices and their potential application in a whole blood assay have been reported. nrLFA devices exhibit good reproducibility in fluid flow using both 30 ll and 100 ll sample volumes (t ¼ 60 s, CV < 7% for 30 ll and CV < 4% for 100 ll) probably due to the absence of additional chemicals used during the fabrication process of conventional LFA devices (e.g., immobilization of immune-reactive reagents, blocking of undesired binding sites on membrane, and surface treatment with surfactants). Multiple membrane types of different materials and with various properties were characterized. MilliporeSigma HF075, HF135, and HF180 membranes demonstrated properties with high suitability for nrLFA devices and exhibited good reproducibility. The effects of different hematocrit values (25%-40%) in whole blood and sample volume (10-100 ll) were also investigated. Higher hematocrit values result in higher effective viscosity of both plasma and RBC components in whole blood on the nrLFA device, due to the effect of highly concentrated RBCs within the membrane. The minimum sample volume of the device to ensure test accuracy is $20 ll for the current assay design. Most importantly, blood coagulation tests performed on the nrLFA device demonstrated excellent reproducibility, with 5% CV for the plasma front at t ¼ 60 s and 2% CV for RBC front at t ¼ 240 s.
Future nrLFA improvements include reducing the blood sample volume to be in the range of fluid available from a conventional finger prick (10-20 ll), optimizing the design of the cassette, and conducting healthy volunteer tests and clinical trials that would validate the results for human subjects.
The nrLFA device displays strong potential for commercialization as a point-of-care monitoring of blood coagulation conditions by being easy to fabricate, simple to operate, cheap to use, and high in reproducibility. Other potential applications include the analysis of blood hematocrit and hemoglobin and the effect of biomarkers on transport of plasma, sweat, and other bodily fluids. Finally, the flow characterization of bodily fluids in various membranes provided by this study can be of use for the future development of wearable sensors for a variety of recreational, industrial, and military applications.
SUPPLEMENTARY MATERIAL
See supplementary material for a summary of commercial POC blood analyzers, capillary rise time measurement, pore size information of MilliporeSigma NC membranes, and flow of whole blood and WCA measurement on various filtration membranes.
